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Abstract We study the properties and geoeffectiveness of solar wind high-speed streams (HSSs)
emanating from coronal holes and associated with stream interaction regions (SIRs). This paper presents a
statistical study of 588 SIR/HSS events with solar wind speed at 1 AU exceeding 500 km/s during
1995–2017, encompassing the decline of solar cycle 22 to the decline of cycle 24. Events are detected using
measurements of the solar wind speed and the interplanetary magnetic field. Events misidentified as or
interacting with interplanetary coronal mass ejections are removed by comparison with an existing
interplanetary coronal mass ejection list. Using this SIR/HSS event catalog (list given in the supporting
information), a superposed epoch analysis of key solar wind parameters is carried out. It is found that the
number of SIR/HSSs peaks during the late declining phase of solar cycle (SC) 23, as does their velocity, but
that their geoeffectiveness in terms of the AE and SYM-H indices is low. This can be explained by the
anomalously low values of magnetic field during the extended solar minimum. Within SC23 and SC24, the
highest geoeffectiveness of SIR/HSSs takes place during the early declining phases. Geoeffectiveness of
SIR/HSSs continues to be up to 40% lower during SC24 than SC23, which can be explained by the solar
wind properties.

1. Introduction
Corotating solar wind high-speed streams (HSSs) were discovered by Snyder et al. (1963), who showed a
correlation between recurring geomagnetic activity and the solar wind speed measured by Mariner 2. HSSs
were later associated with solar coronal holes (e.g., Krieger et al., 1973; Sheeley et al., 1976). Since a given
coronal hole may persist for several solar rotations, this will lead to recurring geomagnetic activity with a
∼27-day period in many parameters in the atmosphere, ionosphere, and magnetosphere (e.g., Chkhetiia,
1975; Crowley et al., 2008; Hapgood, 1993; Temmer et al., 2007), this periodicity corresponding to the syn-
odic solar rotation period as viewed from Earth. A HSS is characterized by an enhancement in the solar
wind velocity lasting for several days. Typically, the speed exceeds 500 km/s for 2 to 3 days and may reach a
maximum above 800 km/s (e.g., Denton & Borovsky, 2012; Kavanagh et al., 2012).

When the HSS overtakes the slow-speed background stream, this leads to compressions of both the inter-
planetary magnetic field (IMF) and the plasma density in the rising-speed portion of the HSS (Belcher &
Leverett, 1971). The resulting structure was called corotating interaction region (Gosling & Pizzo, 1999;
Smith & Wolfe, 1976). In this paper, we refer to this interaction region as “stream interaction region (SIR)”
regardless of the number of solar rotations during which it is observed. This practice is similar to, for exam-
ple, Richardson (2018). In addition, the HSS events that we study contain the interaction regions in the
leading edge of the streams, so we refer to these events as SIR/HSS.

SIR/HSSs have been particularly studied during the declining phase of the 11-year solar cycle, since at that
time they represent the main cause for geomagnetic disturbances (Gonzalez et al., 1999; Tsurutani et al.,
2006). On the other hand, during the maximum years of solar activity, coronal mass ejections (CMEs) are
the major cause of geomagnetic disturbances (e.g., Richardson & Cane, 2012a). CMEs are eruptions of
magnetized plasma from the solar atmosphere, with a broad range of propagation speeds (Gopalswamy &
Kundu, 1992). Interplanetary coronal mass ejections (ICMEs) are the interplanetary counterpart of CMEs
(e.g., Lindsay et al., 1999; Schwenn, 1983; Sheeley et al., 1985; Webb et al., 2000). Those produce the most
extreme space weather events (e.g., Echer et al., 2013; Richardson et al., 2000, 2001; Zhang et al., 2007).
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It is well established that SIR/HSSs are predominantly responsible for weak to moderate geomagnetic storms
(e.g., Tsurutani et al., 2006). Zhang et al. (2008) found that about 80% of the geomagnetic storms produced by
“pure” SIR/HSSs (i.e., SIR/HSSs which are not interacting with an ICME) are weak (−50 < Dst ≤ −30 nT) to
moderate (−100 < Dst ≤ −50 nT), while Alves et al. (2006) showed that only about 33% of the SIR/HSSs are
responsible for moderate to intense storms (Dst ≤ −100 nT). Chi et al. (2018) found that a large fraction of
the most intense SIR/HSS-related geomagnetic storms are produced by SIR/HSSs interacting with an ICME.
According to Kilpua et al. (2017), although SIR/HSSs are frequent during solar minimum, they produce
fewer geomagnetic storms as they are generally characterized with lower speed gradients, lower dynamical
pressure peaks, and lower IMF magnitude. Yet, Richardson and Cane (2012a) revealed that almost half of
the large storms during solar minimum are due to SIR/HSSs.

Statistical studies of SIR/HSS effects on the magnetosphere-ionosphere-thermosphere system have shown
dropouts of relativistic electrons in the outer radiation belt (Borovsky & Denton, 2009; Morley et al., 2010),
followed by a recovery to higher flux levels in the case of strong events (Denton & Borovsky, 2012), enhance-
ment of substorm activity (Tsurutani et al., 2006), depletion of the ionospheric F region (Denton et al., 2009;
Grandin et al., 2015), energetic (E > 30 keV) electron precipitation into the D region (Grandin et al., 2017;
Meredith et al., 2011), and enhancement of ultralow-frequency wave activity in the magnetosphere (Mathie
& Mann, 2001).

Because of the strong influence of SIR/HSS events on the planetary environment, objective criteria to identify
SIR/HSS events from solar wind data would be very useful. Previous statistical studies have used methods
to detect SIR/HSSs focusing on stream interfaces and hence searching for not only enhancement in the
solar wind radial velocity but also a west-east deflection of the plasma flow (e.g., Denton & Borovsky, 2012;
Kavanagh et al., 2012; Morley et al., 2010). Those methods often required a visual inspection of the events
and/or comparison with existing lists of other solar wind disturbances such as ICMEs to remove false posi-
tives. For instance, Jian et al. (2006) produced a fairly comprehensive list of events during 1995–2004, which
was extended till the end of 2016 by Chi et al. (2018). The events were picked by eye based on criteria on the
solar wind speed and total perpendicular pressure. The starting time corresponds to the time when the total
perpendicular pressure starts increasing, which is close to the time when the speed also starts increasing.
Richardson and Cane (2012b) have also produced a classification of solar wind flows, including an identifi-
cation of SIR/HSSs, during 1963–2011 based on visual inspection of solar wind data as well as geomagnetic
observations, energetic particle data, and neutron monitor data. Others have developed automated methods
using only criteria related to the enhancement of the solar wind speed, such as Maris Muntean et al. (http://
www.geodin.ro/varsiti/) during 2009–2016 or Gupta and Badruddin (2010) during 1996–2007.

More generally, attempts to automatically identify solar wind flow types between interstream flow (slow
wind), coronal-hole flow (HSSs), and transient (ICMEs) have been presented by, for example, Zhao et al.
(2009) during 1998–2008 from ACE data, Reisenfeld et al. (2013) during the Genesis mission (2001–2004),
and Xu and Borovsky (2015) during 1963–2013 from OMNI data. However, when comparing results from
the latter three identification schemes, Neugebauer et al. (2016) found that the overall agreement is limited,
with all three algorithms giving the same flow type only 49% of the time.

This paper presents a method to identify SIR-associated HSSs, which is applied to 23 years of solar wind
observations from 1995 until 2017. This detection method is based on the one used to obtain the HSS events
analyzed in Grandin et al. (2015, 2017) for 2006–2008, and for this paper some improvements have been
developed, detailed in section 3. The aim of this method is to find the time when the SIR region with com-
pressed magnetic field hits the bow shock. Solar wind speed reaches the maximum typically 1–2 days after
this zero epoch. It was shown in Grandin et al. (2015, 2017) that the zero epoch selected in this manner cor-
responds very well to the time when geomagnetic activity in terms of the AE index starts to increase. The
list of SIR/HSSs obtained with this new algorithm is used to self-consistently study the features of SIR/HSSs
impinging on the Earth's magnetopause during the different phases of two solar cycles and specifically their
geoeffectiveness.

This paper is organized as follows: The data sets used in this study are presented in section 2, and the algo-
rithm developed to gather the list of SIR/HSS events is described in section 3. Section 4 presents the results
on SIR/HSS characteristics from the end of solar cycle 22 (SC22) until late 2017 (declining phase of SC24).
Section 5 discusses the results and compares the obtained SIR/HSS list with other existing ones, and section 6
summarizes the main conclusions.
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2. Data
The data used in this study consist of IMF and solar wind data measured near the Earth between 1995 and
2017. The data were obtained by several satellites of which the main ones are Wind (1995 to present; Ogilvie
et al., 1995) and ACE (1998 to present; McComas et al., 1998; Smith et al., 1998). The measured data are
available through the OMNI database (King & Papitashvili, 2005), where they have already been propagated
to the terrestrial bow shock. The parameters of interest in this study are the IMF magnitude B, the solar
wind speed V , the solar wind density N, and the Akasofu 𝜀 parameter (Akasofu, 1979) calculated using

𝜀 = 4𝜋
𝜇0

VB2L2
0sin4

(
𝜃

2

)
, (1)

with 𝜇0 the vacuum permeability, 𝜃 the IMF clock angle in the plane perpendicular to the Sun-Earth direc-
tion, and L0 ≃ 7RE. The Akasofu 𝜀 parameter is a coupling function often used as a proxy for energy
input from the solar wind into the magnetosphere. For this study, the OMNI data were retrieved for years
1995–2017 at 1-hr time resolution.

We also take the 1-hr averages of the auroral electrojet (AE) and SYM-H geomagnetic indices (Davis &
Sugiura, 1966; Iyemori, 1990) from OMNI to monitor the response of the geospace in terms of substorm and
storm activity, respectively.

In addition, in order to discuss the properties of SIR/HSSs during different phases of solar cycles 23 and
24, the monthly values of the revised sunspot number between 1995 and 2017 have been gathered from the
World Data Center Sunspot Index and Long-Term Solar Observations (SILSO World Data Center, 1995).

3. SIR/HSS Event Detection Algorithm
Our aim is to find SIR/HSS events that can be geoeffective. Therefore, for maximum velocity we have chosen
a threshold of 500 km/s. One can see that the Akasofu epsilon solar wind coupling function (equation (1))
depends linearly on solar wind velocity. The papers by Kavanagh et al. (2012) and Denton and Borovsky
(2012) are also in accordance with this selection; see point 2(c) below. However, the algorithm presented
below could be adapted to also detect SIR/HSSs of lower maximum speed.

The algorithm used to detect SIR/HSS events for this study consists of four steps. The first three steps each
consider a criterion based on solar wind data at 1-hr resolution provided by OMNI.

1. The SIR is formed by the plasma compression arising from the interaction of the slow and fast solar
wind streams. Therefore, the leading edge of SIRs exhibits an enhancement in the IMF magnitude B (e.g.,
Denton & Borovsky, 2012; McPherron & Weygand, 2006; Richter & Luttrell, 1986). Hence, as a first
criterion, the time derivative of B is estimated at each time ti using

dB
dt

≃ 1
2Δt

(
Bi+1 − Bi−1

)
, (2)

with Δt = ti+1 − ti = 1 hr the time resolution of the solar wind data. Each instant ti at which this time
derivative value exceeds the empirically determined threshold of 0.6 nT/hr is then flagged as a candidate
SIR/HSS event starting time (t0). If the threshold value is too large, only SIRs that are associated with a
forward shock will be detected. Jian et al. (2006) found that, on average, the occurrence rate of forward
shocks in SIRs at 1 AU is about 18%. However, if the threshold value is too small, then we are no more
looking at compressed plasma but some natural fluctuations in B. The threshold value used in this paper
was found empirically, and comparison to other existing SIR lists described in section 5.1 shows that the
threshold works well, since no events are missed due to this criterion.

2. The second criterion is based on the solar wind velocity V . The candidate events obtained with criterion
(1) are tested for three characteristics:

(a) To avoid detecting events taking place while the background solar wind speed is already high, at time
t0, one must have V(t0) ≤ 450 km/s, bearing in mind that occasional compound events consisting
of two HSSs interacting with each other might not be detected due to this restriction. This value of
450 km/s was also determined empirically by visual inspection of the detected/undetected SIR/HSS
events when trying various velocity thresholds.

(b) To ensure that the velocity starts increasing shortly after the beginning of the event, the average
velocity slope between t0 and t0+1 day must be greater than 30 (km/s)/day, which is consistent with
definitions of HSSs adopted by Bame et al. (1976) and Gosling et al. (1976).
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Figure 1. Stream interaction region/HSS events detected by the algorithm in June 2008 with a maximum solar wind velocity greater than 500 km/s. Each
vertical dashed line corresponds to the beginning of an event. The time series shown are (a) the solar wind velocity, (b) the interplanetary magnetic field
magnitude, (c) the solar wind number density, (d) the AE index, and (e) the SYM-H index. The horizontal dashed red line in the first panel indicates
V = 500 km/s, used for criterion 2(c). HSS = high-speed stream.

(c) To keep only events with solar wind speed significantly higher than the slow wind, a threshold is
defined: the solar wind speed must reach at least 500 km/s within [t0, t0 + 3 days]. This value of
500 km/s is the same as used by Kavanagh et al. (2012) in their superposed epoch study of >30 keV
precipitation during HSSs and falls between the thresholds defined by Denton and Borovsky (2012)
for “weak” (450 km/s) and “strong” (550 km/s) HSS events. It is also consistent with the retained
velocity thresholds used for the detection of coronal hole flow by the Genesis spacecraft mission
(Reisenfeld et al., 2013).

The candidate SIR/HSS event starting times which verify each of those three conditions are kept for the
next step.

3. The third criterion makes sure that one does not detect the same SIR/HSS event twice when, for instance,
criteria (1) and (2) are met at several times during the event. Criterion (3) consists in keeping only SIR/HSS
event starting times separated by at least 3 days. Beginning with the first detected SIR/HSS event at t0, all
candidate times between t0 and t0 + 3 days are examined, and the one associated with the lowest solar
wind speed, at time t′0, is retained while all others are removed from the list. This guarantees that the solar
wind speed starts increasing immediately after the retained starting time. This operation is repeated for
the next SIR/HSS candidate occurring after t′0 + 3 days, and so on until the end of the list of candidates is
reached.
When applied to the solar wind data collected between 1 January 1995 and 31 December 2017, these three
criteria lead to the detection of 709 candidate SIR/HSS events. However, some of these events are not
purely SIR-related HSSs.

4. The list of candidates is then compared to the list of near-Earth ICMEs provided by Richardson and
Cane (2010), which covers years from 1996 onward and is regularly updated (http://www.srl.caltech.edu/
ACE/ASC/DATA/level3/icmetable2.htm). A candidate is considered a likely ICME or contaminated by an
ICME if one event from the Richardson and Cane list with Vmax ≥ 500 km/s reached the Earth between
t0 − 1 day and t0 + 3 days, t0 being the date of the candidate SIR/HSS event.

GRANDIN ET AL. 3874

http://www.srl.caltech.edu/ACE/ASC/DATA/level3/icmetable2.htm
http://www.srl.caltech.edu/ACE/ASC/DATA/level3/icmetable2.htm


Journal of Geophysical Research: Space Physics 10.1029/2018JA026396

Figure 2. Same as Figure 1 but showing the data and detected events for the entire year 2008. The magenta triangle in panel (a) corresponds to the
interplanetary coronal mass ejection falsely detected as a stream interaction region/HSS in 2008, which was removed when applying criterion 4 (see Figure 3).
HSS = high-speed stream.

In total, 122 events matching criterion 4 were found and were removed from the SIR/HSS catalogue. As
a consequence, this leaves a total of 588 SIR/HSS events obtained with this four-step method. This list of
SIR/HSS events is provided as supporting information. The list gives for each SIR/HSS event its starting
time t0, initial solar wind speed, the time and value of maximum solar wind speed during [t0, t0+3 days],
and an end time defined as the first occurrence when the solar wind speed drops below 450 km/s after
reaching its maximum. All times are given in UT for solar wind propagated at the terrestrial bow shock as
given in OMNI. It should be noted that this list does not claim to be comprehensive, as (i) this study focuses
on SIR/HSS events whose velocity reaches at least 500 km/s, (ii) occasionally, some SIR/HSS events with
Vmax ≥ 500 km/s might have been undetected by the method, and (iii) events containing ICMEs during
[t0 − 1 day, t0 + 3 days] are removed.

Figure 1 illustrates some aspects of the detection algorithm on solar wind data gathered in June 2008. During
this time window, four SIR/HSS events were detected by the algorithm. Their starting times are 6 June at
4 UT, 14 June at 12 UT, 19 June at 20 UT, and 24 June at 20 UT, and those are indicated by vertical dashed
lines and the ticks on the x axis. Figure 1a shows the solar wind speed. It is clear that the beginning of each
event is set very close to the time when the solar wind velocity starts to increase, which naturally comes from
criteria 2b and 3. The horizontal red dashed line indicates the threshold value at 500 km/s for a HSS event
(criterion 2c). Figure 1b gives the IMF magnitude |B| which is used for criterion 1. The sharp time derivative
used for the detection is particularly prominent at the beginning of the second event. From Figure 1c, which
shows the solar wind number density, it can be noted that the beginning of the detected SIR/HSS events
is close to the maximum of the density peak (again, this is more prominent for the second event), which
corresponds to earlier findings (e.g., Denton et al., 2009; Gosling et al., 1972; McPherron & Weygand, 2006).
Figure 1d displays the AE index, which is a proxy for substorm activity (Iyemori, 1990). Substorm activity
starts to increase very close to the determined onset time of the events in each case. It is interesting to note
that AE starts to increase well before the solar wind velocity has reached a high value, which indicates that
the SIR is geoeffective. Figure 1e displays the SYM-H index, which describes the intensity of the storm time
ring current (Wanliss & Showalter, 2006). In the 14 June event, which is associated with the strongest storm,
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Figure 3. Histogram (left axis): Yearly distribution of ICMEs from Richardson and Cane (2010; updated online version
of January 2019) with Vmax ≥ 500 km/s during 1996–2017 (envelope) and, among these, ICMEs misidentified as
SIR/HSSs by the algorithm or ICMEs embedded in a SIR/HSS (orange). Black line (right axis): Monthly sunspot
number during those years. ICME = interplanetary coronal mass ejection; SIR = stream interaction region;
HSS = high-speed stream; SC = solar cycle.

the zero epoch matches very well with the sudden storm commencement signature showing as a positive
peak in SYM-H, likely to be produced by the slight dayside magnetopause compression associated with the
SIR arrival. A smaller positive peak is observed also for the other events, except the first one on 6 June. All
these events are associated with weak magnetic storms. It is well known that SIR-associated geomagnetic
storms are frequent in the declining phase of the solar cycle and are typically weak to moderate (Grandin
et al., 2017; McPherron & Weygand, 2006; Richardson & Cane, 2012a; Tsurutani et al., 2006).

Figure 2 shows the same data as Figure 1 but for the whole year 2008, during which 33 SIR/HSS events were
detected by the algorithm. From this longer time series, the features described above can be identified in
most of the detected events, namely, the fact that the beginning of events corresponds well with the start of
the solar wind speed increase, with a peak in the solar wind density within the SIR region, with the start
of AE index enhancement, and is near the sudden storm commencement signature when it is present. One
can note that the event contaminated by the only ICME with Vmax ≥ 500 km/s in 2008, which took place
on 4 December (magenta triangle in Figure 2a), was rejected by the algorithm because of criterion 4.

Figure 3 gives the yearly distribution of ICMEs with Vmax ≥ 500 km/s from the Richardson and Cane
list between 1996 and 2017 (the envelope of the histogram). Orange bars show the ICME events that were
identified as SIR/HSSs by our algorithm with steps 1–3, before they were removed based on criterion 4, and
blue bars show the remaining ICME events. The black line gives the monthly sunspot number during those
years. It is noteworthy that not all the ICMEs are misidentified as SIR/HSSs by our algorithm, only 122 out
of 237 ICMEs with speeds larger than 500 km/s, corresponding to about 50%. Of all the detected SIR/HSS
events, the amount of rejected events (ICMEs or SIR/HSSs contamined by ICMEs) is 17% (122/709). This
underlines the fact that comparison with an ICME list (criterion 4) is a necessary step in the algorithm,
as the solar wind parameters used in the identification scheme during ICMEs quite often exhibit similar
features as SIR/HSSs. This issue is not severe during solar minimum years but becomes important during
solar maximum years. One must also keep in mind that some of the rejected events may be real SIR/HSS
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Figure 4. Color plot: Solar wind velocity plotted as a function of day number within 27-day Bartels rotation (x axis,
1 January 1995 corresponds to day 17 of Bartels rotation 2204) and year from 1995 to 2017 (y axis). White
circles = starting dates of the detected stream interaction region/high-speed stream leading edges. The magenta dashed
lines indicate the boundaries between solar cycles obtained from ftp://ftp.ngdc.noaa.gov/STP/space-weather/
solar-data/solar-indices/sunspot-numbers/cycle-data/table_cycle-dates_maximum-minimum.txt. SC = solar cycle.

events that are interacting with a simultaneously occurring ICME event near the ecliptic plane (see, e.g.,
Al-Shakarchi & Morgan, 2018; Shugay et al., 2018).

4. Results
4.1. Overall Features of Detected Events
In order to provide an overview of all the detected events during 1995–2017, Figure 4 displays the
solar wind velocity plotted as a function of year (y axis) and day of solar rotation (x axis), when
using Bartels rotations (27-day period). The time series starts from 1 January 1995 on day 17 of Bar-
tels rotation 2204 and follows the horizontal axis until day 27 and then continues above from day 0
of Bartels rotation 2205 which starts on 11 January, and so on. The y axis however indicates year
instead of Bartels rotation number for an easier comparison with the other figures. This way of display-
ing the solar wind speed enables one to identify features recurring over several solar rotations, which
appear as vertical structures in the plot. Two horizontal magenta dashed lines, in August 1996 and
December 2008, indicate the transitions between solar cycles 22 and 23 and between solar cycles 23
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Figure 5. Histogram: Yearly distribution of HSS events detected with the method using the criterion Vmax ≥ 500 km/s.
Line plot: Monthly sunspot number. The colors of the curve indicate the time intervals which are referred to as “rising
phase” (red), “maximum” (green), “early declining phase” (blue) and “late declining phase” (black) of solar cycles.
HSSs = high-speed streams; SC = solar cycle.

and 24, respectively, obtained from ftp://ftp.ngdc.noaa.gov/STP/space-weather/solar-data/solar-indices/
sunspot-numbers/cycle-data/table_cycle-dates_maximum-minimum.txt. The starting dates of the detected
SIR/HSS events are indicated as white filled circles on top of the solar wind velocity color plot. Several fea-
tures indicating recurring elevated solar wind velocities can be identified, in particular during year 1995,
years 2003–2004, years 2003–2008, and from 2015 onward. During one solar rotation period, there may be
several recurring intervals of high-speed flows. Discussion of the origin of these long-lived recurring HSSs is
beyond the scope of the present paper, but one can note that, for example, Temmer et al. (2007) suggest that
the 9-day period in solar wind parameters, showing up as higher harmonic of the solar rotation frequency,
is caused by the “periodic” longitudinal distribution of coronal holes on the Sun recurring for several solar
rotations, especially during January–September 2005. This 9-day periodicity can be seen in Figure 4 during
that time period, with enhanced solar wind speed recurring around Bartels rotation day 0, day 9, and day 18.
It is noteworthy that structures from which high-speed solar wind flows may remain present at the same
phase of the Bartels rotation for up to several years (see, e.g., the high-velocity signatures near the longitude
corresponding to day 10, recurring from early 2005 until late 2006, or those near the longitude correspond-
ing to day 2, recurring from mid-2006 until late 2008). This is consistent with findings by Heidrich-Meisner
et al. (2017) who studied the same coronal hole structure for 12 solar rotations in 2006. The resulting HSS
reached the Earth 11 times, yet exhibiting variability in its signature observed by ACE at L1 as the spacecraft
mapping drifted to different regions within the coronal hole. On the other hand, Krista et al. (2018) tracked
equatorial coronal holes at the surface of the Sun during 2011–2014 using the unique 360◦ coverage offered
by the configuration of the Solar–Terrestrial Relations Observatory constellation and the Solar Dynamics
Observatory. During those years in the maximum phase of SC24, most equatorial coronal holes had a life-
time of less than 100 days (<4 solar rotations), which is consistent with the significantly smaller number of
recurring HSSs observed at L1 during 2011–2014 compared to 2006, as can be seen in Figure 4.
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Table 1
Subdivision of Solar Cycles (SC) Between 1995 and 2017

Phase Start date End date Duration (months)
SC 22—late declining Jan 1995 Jul 1996 19
SC 23—rising Aug 1996 Dec 1999 41
SC 23—maximum Jan 2000 Jun 2002 30
SC 23—early declining Jul 2002 Dec 2005 42
SC 23—late declining Jan 2006 Nov 2008 35
SC 24—rising Dec 2008 Aug 2011 33
SC 24—maximum Sep 2011 Jun 2014 34
SC 24—early declining Jul 2014 Dec 2017 42

During the declining phases of these solar cycles, the detected SIR/HSS events appear to be often recur-
ring. During the rising phase of solar cycles 23 and 24, recurring HSS signatures are less prominent, and
the detected events tend to occur at more random solar longitudes. This is in agreement with findings by
Borovsky and Denton (2006) for the end of SC22 and the beginning of SC23. The fading of the recurring
coronal hole signatures coincides quite strikingly with the transition between solar cycles 23 and 24 in late
2008, after which HSSs become less frequent for a couple of years.

Figure 5 shows the yearly number of SIR/HSS events with Vmax ≥ 500 km/s detected by our method as
a histogram plot, where all the events that are contaminated by ICMEs have been removed. The sunspot
number is shown as a colored curve, which corresponds to four phases of solar cycles which we will consider
below (in particular in section 4.2): rising phase (red), maximum (green), early declining phase (blue), and
late declining phase (black). The selected time limits for the phases are given in Table 1. The criterion used
to separate the rising, maximum, and declining phases was that, for both cycles 23 and 24, the double peak
of the monthly sunspot number be included in the maximum phase. The motivation for subdividing the
declining phase of solar cycles into early and late parts was to obtain solar cycle divisions of roughly similar
durations and to reveal potential differences within the declining phase itself.

While it is well known that HSSs are frequent during the declining phases of solar cycles (e.g., Gonzalez et al.,
1999), many events are also detected during the other phases of solar cycles 23 and 24, which is consistent
with reports by Richardson and Cane (2012b) during solar cycles 20 to 23. It is noteworthy that even the
rising phases contain a large number of SIR/HSS events, corresponding to 69% and 48% of yearly numbers
during the declining phases of SC23 (rising-phase years: 1997–1999; declining-phase years: 2003–2008) and
SC24 (rising-phase years: 2009–2010; declining-phase years: 2015–2017), respectively. In fact, as was noted
by Echer et al. (2013), SIR/HSS events were responsible for 30% of the moderate geomagnetic storms taking
place during the rising phase of SC23.

The following common characteristics appear to repeat during the two observed cycles. After the sunspot
minimum is reached, the number of SIR/HSS events is at minimum in the beginning of a new cycle both
during cycles 23 (year 1997) and 24 (year 2009), which is consistent with findings reported by Jian et al.
(2011). Then the number of SIR/HSSs starts to increase during the next 2 years in the rising phase. During
sunspot maximum years the increase stops and there is a local minimum (year 2000 for cycle 23 and year
2014 for cycle 24). Even if one added the HSSs rejected because they contain an embedded ICME (part of
the orange bars in Figure 3), the number of SIR/HSS events would still drop and a local minimum would
still be found during these years (2000 and 2014). This confirms the observation made by Jian et al. (2006)
during the maximum phase of solar cycle 23.

In the early declining phase of solar cycles, the number of SIR/HSS events starts to increase again and the
maximum number of events occurs obviously during the last year of cycle 22 (1996, but we have data only
for the last 2 years) and the second last year (2007) for cycle 23. For cycle 24, the number of events has almost
the same values for the last two observed years, that is, 2016 and 2017. If the length of cycle 24 were the
nominal 11 years, this would imply that sunspot minimum would take place in 2019 and we could expect
to have the maximum number of SIR/HSS events in year 2018 or 2019. The number of SIR/HSS events in
2007 is 39, and there were 35 events in years 1996 and 2016. These numbers correspond roughly to three
SIR/HSS events per month with maximum speeds exceeding 500 km/s during maximum occurrence.
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Figure 6. Histogram: Yearly distribution of HSS events detected with the method and binned according to their
maximum solar wind speed value. Line plot: Monthly sunspot number. HSS = high-speed stream.

One interesting characteristic of the detected SIR/HSS events is the distribution of their maximum solar
wind speed. Figure 6 gives the yearly distribution of the 588 detected SIR/HSS events, binned according to
their maximum solar wind speed value during the first 3 days in the 1-hr resolution data. The following
clear features can be observed. First, during the first full year of a new cycle, when the number of SIR/HSS
events is very low, the velocities of the HSSs are also low (years 1997 and 2009) with maximum velocities
remaining mainly below 600 km/s. Second, during the declining phases, when the number of SIR/HSS
event maximizes, the proportion of events with velocities higher than 650 km/s also increases. Third, HSS
velocities larger than 750 km/s are very rare and occur typically 0–2 times per year. Year 2003 is an exception
with five events having maximum velocities exceeding 750 km/s (starting on 26 July, 5 August, 19 August,
16 September, and 7 December).

4.2. SIR/HSS Event Evolution as a Function of Solar Cycle Phases
A comparison of SIR/HSS features during the solar cycle phases defined in Figure 5 is made using the super-
posed epoch analysis method, which was used in Grandin et al. (2015, 2017). The superposed epoch method
is a statistical analysis invented by Chree (1913), based on the collection of a large number of events, the
definition of a reference time called “zero epoch” in the event timeline and the extraction of statistical prop-
erties (e.g., mean, median, and standard deviation) of the physical parameters of the events as a function of
time relative to the zero epoch (see also 3.1 in Grandin, 2017). Figures 7–12 show the statistical behaviors
of key solar wind parameters and geomagnetic indices during HSS events taking place at each solar cycle
phase.

Figure 7 shows the superposed epoch analysis of the solar wind velocity during the SIR/HSS events detected
during (a) the late declining phase of SC22; the (b) rising, (c) maximum, (d) early declining, and (e) late
declining phases of SC23; and the (f) rising, (g) maximum, and (h) early declining phases of SC24. In each
panel, median values are shown in red, and upper and lower quartiles in blue. The data are plotted from
2 days before the zero epoch until 5 days after, the zero epoch of each event corresponding to its starting
time given by the algorithm. The number of events used to obtain the curves in each panel is given in the
bottom right-hand corner of the panel.
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Figure 7. Superposed epoch analysis of the solar wind speed during SIR/HSS events during (a) the late declining phase of SC22, (b) the rising phase of SC23,
(c) the maximum of SC 23, (d) the early declining phase of SC23, (e) the late declining phase of SC23, (f) the rising phase of SC24, (g) the maximum of SC24,
and (h) the early declining phase of SC24. The number indicated in the bottom right-hand corner of each panel corresponds to the number of SIR/HSS events
during the corresponding solar cycle subdivision (cf. Figure 5). SIR = stream interaction region; HSS = high-speed stream; SC = solar cycle.

Figure 8. Same as Figure 7 for the interplanetary magnetic field magnitude.
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Figure 9. Same as Figure 7 for the solar wind density.

Out of these eight panels, the highest median velocities take place during the late declining phase of SC23
covering years 2006–2008 (panel e). The maximum median velocity in these superposed epoch plots reaches
values of ≥550 m/s from the end of day 2 to the beginning of day 3 (please note that values 0–1 in the x
axis correspond to day 1 and values from 1 to 2 to day 2). The second largest velocities are found in the
early declining phases of SC23 and SC24 (panels d and h). Clearly, the smallest velocities occur in the rising
phases of solar cycles (panels b and f).

It looks a bit surprising that the velocity in the late declining phase of SC22 is not showing particularly high
values, unlike in SC23. The answer may be related to the special characteristics of the long-lasting solar
minimum at the end of SC23. The study of coronal holes by de Toma (2011) provides insight in this topic.
According to de Toma (2011), during the 1996 solar minimum, the two large polar coronal holes were the
dominant coronal holes on the Sun and stable sources of fast solar wind over the poles, like in typical solar
minimum conditions. This gave a relatively slow solar wind at the Earth, originating mostly from the edges
of the polar coronal holes. However, the long period of low solar activity from 2006 to 2009 was characterized
by weak polar magnetic fields and polar coronal holes smaller than observed during the previous minimum.
Instead, large low-latitude coronal holes were present on the Sun until 2008 and remained important sources
of recurrent high-speed solar wind streams. By early 2009, most of the low-latitude coronal holes had closed
down. With the increase of the new SC24 activity, small, midlatitude coronal holes appeared. The fast wind
in the rising phase was coming mostly from the edges of the polar coronal holes and occasionally from the
small, midlatitude coronal holes. Finally, the high-speed wind in the declining phases comes typically from
the low-latitude coronal holes (de Toma, 2011).

Figure 8 shows the IMF magnitude B in the same format. The largest values for B in the SIR are found in
the early declining and maximum phases of SC23 with the median values exceeding 10 nT during day 1.
Inside SC24, the largest values of B take place in the early declining phase with median values reaching
9 nT. This is a confirmation that the maximum B value in SIRs does not simply follow solar activity given by
the monthly sunspot number, as was observed by Jian et al. (2006) when studying SC23. The lowest values
are observed in the late declining phase of SC23, when the peak values of the median curve just reach 7 nT.
These values are clearly smaller than in the late declining phase of the previous cycle, SC22. However, the
difference comes mainly from the fact that the magnetic field values prior to the arrival of the SIR are clearly
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Figure 10. Same as Figure 7 for the Akasofu 𝜀 parameter, except that the number given in the top right-hand corner of each panel corresponds to the integrated
value of the median curve from the zero epoch until day 5 (in gigawatt hours).

smaller in SC23, namely, about 3 nT on day −1, whereas in SC22 the corresponding value is about 4.5 nT.
The low values of B at 1 AU near the ecliptic plane during the 2007–2008 solar minimum period of SC23
have been a topic of many studies (see, e.g., Lee et al., 2009; Wu et al., 2013).

When comparing SC23 and SC24, a clear overall difference can be found. It appears that the SC23 data
(panels b–d) have their peaks of median B 15–20% higher than the corresponding SC24 data (panels f–h).

Figure 9 shows the superposed epoch analysis of the solar wind number density. The density has a narrow
peak very shortly after the zero epoch for each solar cycle phase. The largest median values are obtained in
the late declining phase of SC22 and the early declining phase of SC24, in both cases with values close to
15 cm−3. Again, the late declining phase of SC23 is anomalous, since the background densities before the
arrival of SIRs are only about 3.5 cm−3 in SC23, while in SC22 the values are about 6 cm−3. In the region
of high speeds, the solar wind is dilute, and the densities are about 2.5 cm−3 in SC23, while in SC22 the
densities are about 4 cm−3. Lee et al. (2009) noticed that when all solar wind OMNI data are considered,
the peak occurrence for SC22 is centered at 3.5 cm−3 and for SC23 at 2.5 cm−3. Obviously, the rarefaction
regions of HSSs dominate in the overall OMNI data.

Figure 10 shows the superposed epoch analysis of Akasofu 𝜀 (expressed in gigawatt hours), which has been
calculated by using equation (1). Since the 𝜀 parameter depends linearly on solar wind velocity V and on
the quadratic value of B, we expect that the cycle phases where these parameters maximize will have the
largest values for 𝜀. In addition, there is a strong dependence on the IMF clock angle, which is not shown
in the previous plots. However, across several tens of events, the clock angle can be expected to take very
different values, as the IMF will be northward in some events, southward in others, and with Bz ≃ 0 in yet
some other events. Therefore, one may expect that, in the superposed epoch analysis, the effect of the clock
angle on the value of Akasofu 𝜀 is averaged out. It can be seen that the highest individual median value of
the 𝜀 parameter takes place in the early declining phase of SC23, where B has the largest values and V is
relatively large. Almost as large values are seen in the late declining phase of SC22, which may be explained
by the fact that the solar wind speed reached high values while B was still peaking.
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Figure 11. Same as Figure 10 for the AE index (integrated values in nanotesla hours).

In order to assess the sustained impact of the SIR/HSSs on the geospace environment, the median values of
the Akasofu 𝜀 parameter were also integrated from the zero epoch until day 5, and those values are given
in the panels of Figure 10 as Imed. The early declining phase of SC23 shows the largest integrated value of
Akasofu 𝜀. It also has the largest upper quartile values. The second highest integrated value is in the late
declining phase of SC22, and the third highest value in the early declining phase of SC24. Even though the
late declining phase of SC23 had the largest velocities, the Akasofu 𝜀 parameter has low values, due to the
low values of B during the extended solar minimum, as discussed above. These are the second lowest values
of all the studied phases. The lowest values are found in the rising phase of SC24.

Overall, Akasofu 𝜀 remains significantly lower during SC24 compared to SC23. In each phase, the energy
input peaks around day 1 following the zero epoch; the value remains high until the end of day 2 and then
decreases but remains somewhat elevated at least until day 5.

Figures 11 and 12 show the AE and SYM-H indices, respectively. In general, the maximum of substorm
(AE) and storm (SYM-H) activity is reached about 1 day after the zero epoch, in the beginning of day 2,
which is before the solar wind speed reaches its maximum and hence corresponds to the stream interaction
region rather than the HSS itself. Burlaga and Lepping (1977) showed that SIRs often amplify Alfvén waves
propagating away from the Sun, which cause the IMF Bz component to alternate between northward and
southward and therefore produce intermittent substorm activity while the SIR passes by Earth. Alfvén waves
are also often present throughout the fast streams, which are also geoeffective. This is illustrated by the fact
that the AE index remains enhanced at least until day 5. It is well known that the geoeffectiveness of HSSs
in terms of substorm activity is also largely controlled by the sign of Bz (e.g., Kavanagh et al., 2012), which
explains the rather large dispersion of the AE index values following the zero epoch indicated by the upper
and lower quartile values in blue and the fairly broad AE peak.

Akasofu 𝜀 orders the AE index values quite well, so that the three most intense phases and the weakest one
(rising phase of SC24) are the same for AE as for Akasofu 𝜀. The same holds for SYM-H, except that the
order of the two most intense events is reversed. Typically, the storms produced by SIR/HSSs are rather weak
and only a few percent of the SIRs can produce intense geomagnetic storms (Dst < −100 nT; Richardson
et al., 2006). However, HSSs are quite effective in producing substorms, and these events are called
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Figure 12. Same as Figure 10 for the SYM-H index (integrated values in nanotesla hours).

high-intensity long-duration auroral activities by Tsurutani et al. (2006). It was found by Hajra et al. (2013)
that high-intensity long-duration auroral activities are on average 20% longer during the declining phase
than during the rising and maximum phases. Figure 11 shows indeed that during the declining phases the
AE index is still elevated on day 5. In addition, the maximum AE values are higher during the early declining
phases of SC23 and SC24 than during the other phases.

Again, panels (a)–(d) of Figures 11 and 12 exhibit a more intense response than panels (e)–(h), underlining
that geomagnetic activity related to SIR/HSSs significantly decreased between the early and late declin-
ing phases of SC23. Within a given solar cycle, the rising and maximum phases are those with lowest
geomagnetic activity during SIR/HSS events, whereas the early and late declining phases exhibit stronger
activity.

Figure 13 visualizes the 5-day integrated values of geomagnetic activity measured by AE (orange bars)
and SYM-H (blue bars) during SIR/HSS events within the defined solar cycle phases from 1995 to 2017,
superposed on the monthly sunspot number (black line). This figure shows the well-known importance
of declining phases of the solar cycles for geomagnetic activity. For SC22, we have data only for the late
declining phase, and it is the most geoeffective one in terms of SYM-H and the second most geoeffective
in terms of AE for all data. Inside SC23, the early declining phase is the most geoeffective one in terms of
both indices, and in terms of AE the most geoeffective one of all data. The anomalous late declining phase
of SC23 is the least geoeffective one, and even the rising phase of this cycle is more geoeffective. The max-
imum phase is less geoeffective than the rising phase in SC23. When moving to SC24, the geoeffectiveness
clearly decreases compared to SC23, as does the sunspot number. The early declining phase is the most geo-
effective one inside SC24, but we do not yet have data for the late declining phase. Contrary to SC23, the
maximum phase is more geoeffective than the rising phase. Comparing SC24 to SC23 in terms of auroral
electrojet and substorm activity measured by the AE index, the geoeffectiveness has been about 40% lower
in the rising phase, 15% lower in the maximum phase, and 20% lower in the early declining phase. For the
ring current and storms measured by the SYM-H index, the geoeffectiveness has been about 35% lower in
the rising phase and 20% lower in the early declining phase but roughly similar during the maximum phase.
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Figure 13. Bar diagram: Integrated values of median curves from the zero epoch until day 5 for the AE (top) and
SYM-H (bottom) indices (see Figures 11 and 12). Line plot: Monthly sunspot number. SC = solar cycle.

As a summary, we find that the geoeffectiveness of SIR/HSSs varies in the different phases of the solar cycle.
Our results are in line with the often presented statement that SIR/HSSs are the most geoeffective during
the declining phases of solar cycle (e.g., Chi et al., 2018; Hajra et al., 2013; Kilpua et al., 2017), even though
we find that the late declining phase of SC23 was very weakly geoeffective owing to reasons discussed in the
next section.

5. Discussion
We will discuss two major topics. First, the validity of the detection algorithm is assessed by comparing the
obtained list of SIR/HSS events with existing catalogs during years when they overlap. Second, the identified
solar cycle phase-dependent features of SIR/HSSs and their geoeffectiveness will be considered in the global
picture of the known features of the studied solar cycles.

5.1. Comparison With Other HSS Event Lists
We compared the events detected by our algorithm with the HSS catalog issued by Maris Muntean et al.
(http://www.geodin.ro/varsiti/), which covers years from 2009 until 2016. We selected year 2015 for the com-
parison, as it is at the beginning of the declining phase of SC24 and hence contains a mix of HSSs, ICMEs,
and slow solar wind. The Maris Muntean et al. catalog is solely based on the solar wind speed, averaged at a
3-hr resolution. A HSS event is detected if the maximum 3-hr mean speed during one day exceeds the mini-
mum 3-hr mean speed of the previous day by at least 100 km/s and if the enhanced speed persists for 2 days.
In 2015, with their method, Maris Muntean et al. detected 44 HSS events. Comparatively, our algorithm
detected only 27 SIR/HSS events during that year. Two main reasons explain this first difference: (i) the
Maris Muntean et al. catalog does not focus on SIR-related HSSs and hence contains 11 events correspond-
ing to (or contaminated by) ICMEs (by comparison with the Richardson and Cane list), and (ii) the Maris
Muntean catalog is not restricted to HSSs with Vmax ≥ 500 km/s and therefore contains another 10 events
whose maximum velocities lie between 400 and 500 km/s. On the other hand, our algorithm detected four
SIR/HSS events which are not in the Maris Muntean et al. catalog (on 14 July, 18 August, 2 September, and
28 November 2015). Figure S1 in the supporting information illustrates the comparison of the two lists for
2015. For the 23 events common to both catalogs, 16 of them have their starting time with less than 6-hr dif-
ferences, and only one of them has starting time differing by more than 12 hr (2 January, 23 UT vs 4 January,
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9–12 UT). For this specific event, our starting date nicely corresponds to the solar wind density peak, which
makes this detection time consistent with the rest of the list (see Figure 9).

Another HSS catalog was earlier compiled by Gupta and Badruddin (2010) for years 1996–2007. The retained
criteria are essentially the same as those used by Maris Muntean et al., that is, an increase in the solar wind
speed of at least 100 km/s with sustained velocity for at least 2 days. Year 1996 was chosen for comparison of
our list with the Gupta and Badruddin (2010) catalog, since it corresponds to the peak of SIR/HSS activity at
the transition between SC22 and SC23. Gupta and Badruddin (2010) listed 40 HSS events in 1996, but several
of them actually contained two to three distinct streams, therefore representing at total of 58 individual
streams (compared to 35 events from our method). Among these, 22 events were associated with solar wind
speeds remaining below our threshold of 500 km/s. One of their events (19 September) was not detected by
our algorithm, since its initial solar wind speed was greater than 450 km/s (see criterion 2a), and another
one (the second stream of the event starting on 8 April) was also rejected for being too soon after our 11 April
event (see criterion 3). On the other hand, our algorithm detected a SIR/HSS event on 2 July which is not
included in the Gupta and Badruddin (2010) catalog. Besides these few differences, there is an overall good
agreement between both catalogs. Figure S2 in the supporting information illustrates the comparison of the
two lists for 1996.

A third list of HSSs which may be used for comparison is the one given in Morley et al. (2010), which uses
different criteria for SIR/HSS identification. As a first criterion, Morley et al. (2010) looked for an enhance-
ment in the radial velocity of the solar wind (Vx) associated with a west-east deflection of the flow, that is,
a change in the sign of Vy. For the obtained SIR/HSS candidates, other solar wind parameters such as the
IMF magnitude, the proton number density, and the proton temperature were then examined to reject false
positives. In addition, two consecutive events had to be separated by at least 2 days, and events exhibiting
clear ICME signatures were removed from the list. The list given in Table 2 of Morley et al. (2010) considers
67 stream interfaces verifying those criteria between 2005 and 2008. During these same years, our algorithm
detected 136 SIR/HSS events, which is more than twice as many. Yet, of the 67 events studied by Morley
et al. (2010), we found that nine of them were not detected by our algorithm. In two of these cases, a ICME
was reported in the Richardson and Cane list (criterion 4); in three cases, the maximum solar wind speed
did not reach 500 km/s (criterion 2c), and in four cases a previous event was detected less than 3 days before
the rejected event (criterion 3). Figures S3–S6 in the supporting information illustrate the comparison of the
two lists for 2005–2008.

For the 58 SIR/HSS events in common with the Morley et al. (2010) list, a comparison of the starting times
reveals that in all cases but one our algorithm gives an earlier time. This is inherent to the difference in
the criteria for setting the beginning of the events: While our algorithm retains the time after which the
solar wind speed starts increasing, Morley et al. (2010) were interested in the stream interface itself, which
is determined with the azimuthal flow reversal (Vy sign change). The difference Δt0 between those starting
times can vary significantly. Figure S7 in the supporting information gives a histogram of Δt0, which is
defined as positive when our algorithm gives an earlier time than in the Morley et al. (2010) list. The peak
in the distribution of Δt0 is for values between 6 and 12 hr, but up to 70-hr differences were found for a
couple of events. The first such event (3 May 2006) exhibits steady solar wind speed enhancement for 3 days
before the stream interface, and in the second case (7 February 2008), our method detects a small stream
immediately preceding the main event, hence causing an erroneously early starting time. The difference is
negative in only one case (22 April 2008), for which the start time given by our algorithm corresponds nicely
to the beginning of the solar wind speed increase.

Finally, the list obtained with the detection method presented in this paper can be compared to the catalog
compiled by Jian et al. (2006), later extended to cover years 1995 to 2009 (extended version available at http://
www-ssc.igpp.ucla.edu/~jlan/ACE/Level3/SIR_List_from_Lan_Jian.pdf). Between 1995 and 2009, the Jian
et al. (2006) list contains 437 SIR/HSSs with Vmax ≥ 500 km/s, whereas our list contains 394 events dur-
ing the same 15-year period. When making a detailed analysis of the differences between those two lists, it
appears that 39 events from our list are not present in the Jian et al. list. These events have each been exam-
ined visually to ensure they do exhibit typical SIR/HSS signatures. The reason for the difference may be that
the event identification by Jian et al. (2006) imposes that the events must exhibit at least five out of the seven
expected features considered in their study, which are solar wind speed increase, total perpendicular pres-
sure pileup, velocity deflections, proton density enhancement, proton temperature enhancement, increase
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in entropy, and magnetic field compression. On the other hand, 82 events with Vmax ≥ 500 km/s in the Jian
et al. list are not present in ours. The reasons are the following: an ICME with Vmax ≥ 500 km/s is present
within [t0 − 1 day, t0 + 3 days] (32 events); the maximum velocity Vmax does not reach 500 km/s during the
event in the hourly OMNI data but does exceed this threshold in the Wind or ACE data with 93- and 64-s
resolution, respectively, used by Jian et al (25 events); solar wind speed is greater than 450 km/s at the start
time of the event (15 events); compound events are separated by less than 3 days (nine events); and there
is no sharp IMF magnitude gradient (one event). Besides, in 27 cases, event starting dates differed by more
than 24 hr from one list to the other. About half of these cases correspond to compound events for which
in one list the first event only is mentioned, while in the other list the second event only is mentioned. In
the other cases, our list gives an earlier time than the Jian et al. list because the detected IMF magnitude
enhancement is earlier than the leading edge of the SIR as identified by Jian et al. Overall, the agreement
between both lists over those 15 years of comparison is satisfactory, and all the differences can be explained
by the choices made in the criteria for identification in this study versus the Jian et al. study.

While some differences may be noted with each of those above discussed catalogs, one advantage of the list
obtained with this algorithm is that it contains SIR/HSS events during 23 years, that is, roughly two solar
cycles. Provided an updated list of ICMEs reaching the Earth exists and solar wind observations remain
available, this list of SIR/HSS events can be completed during the upcoming years by applying the same
algorithm, thus enabling further studies about the upcoming solar cycles.

5.2. Solar Cycle Variability of SIR/HSSs and Geoeffectiveness
We have briefly discussed in the previous sections the properties of the solar wind at 1 AU near the ecliptic
plane during the extended solar minimum of SC23 observed in other studies. Comparing the minimum
periods of SC22 and SC23, Lee et al. (2009) noticed the following. For the IMF magnitude, the peak of the
distribution for the SC23 period is centered at 3.5 nT, which is 30% less than 5 nT, the approximate central
value for the peak of the SC22 distribution. For the number density, the distribution is shifted toward lower
values by about 30%. For solar wind velocity, both the SC22 and SC23 velocity distributions have peak values
occurring around 340 km/s, but for SC23 the peak is lower and the high-speed tail distribution, which is
centered near 580 km/s, has slightly larger percent occurrence during SC23.

In this study, we have specifically studied the SIR/HSS events and our findings are in general accordance
with Lee et al. (2009) but give some additional insight into the distribution functions. We found by com-
paring the late declining phases of SC22 and SC23, namely, years 1995–1996 and 2006–2008, the following
properties. Both the IMF magnitude and density values before the SIR/HSS events are about 30% lower in
SC23 than SC22, but the compressions of B and N are equally strong in both cycles. The peak of the density
distribution in Lee et al. (2009) study comes obviously from the dilute solar wind in the HSS region (in our
figures superposed epoch after day 2).

Comparison of the distributions of HSS peak velocities during the late declining phases of SC22 and SC23
shown in Figure 6 indicates that the proportion of 500 < Vmax < 600 km/s is higher in SC22, whereas
the proportion of Vmax > 700 km/s is higher in SC23. The superposed epoch presentation of velocities
shown in Figure 7 confirms that the median peak velocities are higher in SC23 (Vmax ∼ 560 km/s) than
SC22 (Vmax ∼ 510 km/s). These are in harmony with the observations of the behavior of the high-speed tail
distributions by Lee et al. (2009).

The solar wind parameters control the coupling of the IMF with the terrestrial magnetosphere and energy
transfer from the solar wind into the magnetosphere-ionosphere system. Several coupling functions have
been developed (see, e.g., Newell et al., 2007), which all depend on solar wind velocity and magnetic field.
In this study, we have used the traditional Akasofu 𝜀. We saw a very similar behavior between the Akasofu 𝜀

and the AE and SYM-H indices. This can be expected, since it is well known that the solar wind parame-
ters directly affect the geoeffectiveness of SIR/HSSs. The surprisingly poor geoeffectiveness of the SIR/HSS
events in the late declining phase of SC23 is obviously explained by the unusually low magnetic field values
during the deep minimum of SC23 discussed above. Even though the velocities of these HSSs were higher
than in the late declining phase of SC22, this did not make those more geoeffective, and this can be explained
by the quadratic dependence on the magnetic field intensity compared to the linear dependence on the
velocity in the coupling function. The fact that SIR/HSSs are less geoeffective during SC24 than during SC23
also finds an explanation in the solar wind properties. The velocities were a bit smaller during SC24 than
SC23, but the magnetic fields were even more significantly smaller. This will be discussed more below.
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Following the extremely low minimum of SC23, SC24 has shown unusually low activity (Kamide & Kusano,
2013). In particular, McComas et al. (2013) showed that the rising phase of SC24 exhibited significantly
lower key parameters (e.g., IMF magnitude, solar wind proton density, temperature, velocity, and dynamic
pressure) than the rising phases of previous solar cycles, which correlates with the fact that SC24 has been
the weakest solar cycle since the beginning of the Space Age. Figures 7–12 indicate that this conclusion
holds not only when looking at solar activity as a whole but also when focusing specifically on solar wind
conditions during SIR/HSSs. It is noteworthy that, while the IMF magnitude (see Figure 8) had very low
values during the late declining phase of SC23 as discussed above, the HSS peak velocity was meanwhile at
its highest values, started to drop only during the rising phase of SC24 (see Figure 7), and remained at lower
values than during the previous cycle. Even though the magnetic field has to some extent recovered from
the deep minimum of SC23, it has continued to be at a lower level during SC24 than at the corresponding
phases during SC23.

In fact, the early/late declining phase distinction for SC24 cannot presently be determined, as the minimum
is still to be reached. Whether such a distinction will even be needed for SC24 is not certain, as it may be so
that the unusually long declining phase of SC23 and the associated extremely weak activity conditions were
unique.

6. Conclusions
We presented a method for detection of solar wind HSS events, based on the IMF magnitude time deriva-
tive, the solar wind velocity, and, to remove ICMEs misidentified as SIR/HSSs and SIR/HSSs containing
an embedded ICME, comparison with the Richardson and Cane list of ICMEs. This algorithm has been
applied to years 1995–2017, leading to the detection of 588 SIR/HSS events with speeds exceeding 500 km/s.
When compared to the existing HSS lists, which use slightly different criteria and may include a human
visual detection of events, the algorithm proves efficient in correctly identifying SIR/HSS events and setting
their beginning at the time when the solar wind speed starts increasing. The main benefit of this new detec-
tion method is that it produces a catalog of SIR/HSS events over 23 years of solar wind observations in a
transparent and reproducible way.

The analysis of the 588 SIR/HSS events obtained with the detection method shows that the yearly number of
SIR/HSS events peaks during the declining phase of the solar cycle. Besides, the maximum yearly number
of SIR/HSS events in SC23 (39 events in 2007) is about the same as the maximum number in 1995 of SC22
(35 events) and in 2016 of SC24 (35 events). It is yet to be seen if the yearly number of SIR/HSS events in
SC24 increases when approaching the solar cycle minimum.

The number of SIR/HSS events sharply drops after the solar minimum is reached, during the first year of
a new cycle. After that, the yearly number of events starts to rise. Even during the rising phases, which are
associated with the smallest number of SIR/HSSs, the yearly number of SIR/HSSs amounts to 69% and 48%
of the yearly number during the declining phases of SC23 and SC24, respectively. During the solar maximum
years, which are dominated by ICME events, we find a local minimum in the occurrence of SIR/HSS events.

During the late declining phase of SC23, large low-latitude coronal holes persisted on the solar surface,
which had long lifetimes. This resulted in repeated very high velocity streams. Even though the compres-
sions of magnetic field were of the same magnitude as during the late declining phase of the previous SC22,
the low background magnetic field values at 1 AU near the ecliptic plane during the extended minimum of
2007–2008 (consistent with results by Lee et al., 2009; Wu et al., 2013) resulted in low B values in the eclip-
tic SIR regions and in low solar wind coupling function (Akasofu 𝜀) values. Hence, the geoeffectiveness of
SIR/HSSs during the late declining phase of SC23 was the smallest of this entire cycle.

During SC24, both the solar wind velocity and the magnetic field have continued to be at a lower level than
during the corresponding phases of SC23. Hence, the geoeffectiveness of SIR/HSSs has been lower too. For
auroral electrojet and substorm activity measured by the AE index, the geoeffectiveness has been about 40%
lower during the rising phase and 20% lower during the early declining phase. For the ring current and
storms measured by the SYM-H index, the geoeffectiveness has been about 35% lower during the rising
phase and 20% lower during the early declining phase.

We can confirm the earlier reported fact that the SIR/HSS events have highest geoeffectiveness during the
declining phases. However, there may be solar cycle-dependent differences when one considers the early
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and late declining phases. The late declining phase of SC22 was very geoeffective, whereas the corresponding
phase in SC23 was not. The early declining phase was the most geoeffective one inside SC23. So far, for
SC24, the early declining phase has also been the most geoeffective one; however, we do not know yet how
geoeffective SIR/HSSs will be during the late declining phase of SC24.
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managed by the Institute of
Geodynamics of the Romanian
Academy.

GRANDIN ET AL. 3890

https://doi.org/10.1002/2017JA024849
https://doi.org/10.1029/2005JA011379
https://doi.org/10.1086/154566
https://doi.org/10.1029/JA076i016p03534
https://doi.org/10.1029/2005JA011447
https://doi.org/10.1029/2008JA013128
https://doi.org/10.1016/0032-0633(77)90090-3
https://doi.org/10.1016/0032-0633(77)90090-3
https://doi.org/10.1029/2018SW001894
https://doi.org/10.1098/rsta.1913.0003
https://doi.org/10.1029/2008GL035745
https://doi.org/10.1029/JZ071i003p00785
https://doi.org/10.1029/2011JA017124
https://doi.org/10.1029/2011JA017124
https://doi.org/10.1029/2008SW000443
https://doi.org/10.1029/2012JA018086
https://doi.org/10.1023/A:1005160129098
https://doi.org/10.1029/JA081i028p05061
https://doi.org/10.1029/JA077i028p05442
https://doi.org/10.1023/A:1005291711900
http://urn.fi/urn:isbn:9789526216157
https://doi.org/10.1002/2015JA021785
https://doi.org/10.1002/2015JA021785
https://doi.org/10.1002/2017JA023923
https://doi.org/10.1007/s11207-010-9554-z
https://doi.org/10.1002/jgra.50530
https://doi.org/10.1002/jgra.50530
https://doi.org/10.1051/0004-6361/201730574
https://doi.org/10.1051/0004-6361/201730574
http://omniweb.gsfc.nasa.gov
http://omniweb.gsfc.nasa.gov
http://www.srl.caltech.edu/ACE/ASC/DATA/level3/icmetable2.htm
http://www.srl.caltech.edu/ACE/ASC/DATA/level3/icmetable2.htm
http://www.srl.caltech.edu/ACE/ASC/DATA/level3/icmetable2.htm
ftp://ftp.ngdc.noaa.gov/STP/space-weather/solar-data/solar-indices/sunspot-numbers/cycle-data/table_cycle-dates_maximum-minimum.txt
ftp://ftp.ngdc.noaa.gov/STP/space-weather/solar-data/solar-indices/sunspot-numbers/cycle-data/table_cycle-dates_maximum-minimum.txt
ftp://ftp.ngdc.noaa.gov/STP/space-weather/solar-data/solar-indices/sunspot-numbers/cycle-data/table_cycle-dates_maximum-minimum.txt
ftp://ftp.ngdc.noaa.gov/STP/space-weather/solar-data/solar-indices/sunspot-numbers/cycle-data/table_cycle-dates_maximum-minimum.txt
ftp://ftp.ngdc.noaa.gov/STP/space-weather/solar-data/solar-indices/sunspot-numbers/cycle-data/table_cycle-dates_maximum-minimum.txt


Journal of Geophysical Research: Space Physics 10.1029/2018JA026396

Jian, L. K., Russell, C. T., & Luhmann, J. G. (2011). Comparing solar minimum 23/24 with historical solar wind records at 1 AU. Solar
Physics, 274, 321–344. https://doi.org/10.1007/s11207-011-9737-2

Jian, L., Russell, C. T., Luhmann, J. G., & Skoug, R. M. (2006). Properties of stream interactions at one AU during 1995–2004. Solar Physics,
239, 337–392. https://doi.org/10.1007/s11207-006-0132-3

Kamide, Y., & Kusano, K. (2013). Is something wrong with the present solar maximum? Space Weather, 11, 140–141. https://doi.org/10.
1002/swe.20045

Kavanagh, A. J., Honary, F., Donovan, E. F., Ulich, T., & Denton, M. H. (2012). Key features of >30 keV electron precipitation during
high speed solar wind streams: A superposed epoch analysis. Journal of Geophysical Research, 117, A00L09. https://doi.org/10.1029/
2011JA017320

Kilpua, E. K. J., Balogh, A., von Steiger, R., & Liu, Y. D. (2017). Geoeffective properties of solar transients and stream interaction regions.
Space Science Reviews, 212, 1271–1314. https://doi.org/10.1007/s11214-017-0411-3

King, J. H., & Papitashvili, N. E. (2005). Solar wind spatial scales in and comparisons of hourly Wind and ACE plasma and magnetic field
data. Journal of Geophysical Research, 110, A02104. https://doi.org/10.1029/2004JA010649

Krieger, A. S., Timothy, A. F., & Roelof, E. C. (1973). A coronal hole and its identification as the source of a high velocity solar wind stream.
Solar Physics, 29, 505–525. https://doi.org/10.1007/BF00150828

Krista, L. D., McIntosh, S. W., & Leamon, R. J. (2018). The longitudinal evolution of equatorial coronal holes. The Astronomical Journal,
155(4), 153.

Lee, C., Luhmann, J., Zhao, X., Liu, Y., Riley, P., Arge, C., et al. (2009). Effects of the weak polar fields of solar cycle 23: Investigation using
OMNI for the STEREO mission period. Solar Physics, 256(1-2), 345–363.

Lindsay, G. M., Luhmann, J. G., Russell, C. T., & Gosling, J. T. (1999). Relationships between coronal mass ejection speeds from coron-
agraph images and interplanetary characteristics of associated interplanetary coronal mass ejections. Journal of Geophysical Research,
104, 12,515–12,524. https://doi.org/10.1029/1999JA900051

Mathie, R. A., & Mann, I. R. (2001). On the solar wind control of Pc5 ULF pulsation power at mid-latitudes: Implications for MeV electron
acceleration in the outer radiation belt. Journal of Geophysical Research, 106, 29,783–29,796. https://doi.org/10.1029/2001JA000002

McComas, D. J., Angold, N., Elliott, H. A., Livadiotis, G., Schwadron, N. A., Skoug, R. M., & Smith, C. W. (2013). Weakest solar wind of the
space age and the current “mini” solar maximum. The Astrophysical Journal, 779(1), 2.

McComas, D. J., Bame, S. J., Barker, P., Feldman, W. C., Phillips, J. L., Riley, P., & Griffee, J. W. (1998). Solar Wind Electron Proton
Alpha Monitor (SWEPAM) for the Advanced Composition Explorer. Space Science Reviews, 86, 563–612. https://doi.org/10.1023/A:
1005040232597

McPherron, R. L., & Weygand, J. (2006). The solar wind and geomagnetic activity as a function of time relative to corotating interaction
regions, Recurrent magnetic storms: Corotating solar wind (Vol. 167, pp. 125). Washington, DC, USA: AGU. https://doi.org/10.1029/
167GM12

Meredith, N. P., Horne, R. B., Lam, M. M., Denton, M. H., Borovsky, J. E., & Green, J. C. (2011). Energetic electron precipitation during
high-speed solar wind stream driven storms. Journal of Geophysical Research, 116, A05223. https://doi.org/10.1029/2010JA016293

Morley, S., Friedel, R., Spanswick, E., Reeves, G., Steinberg, J., Koller, J., et al. (2010). Dropouts of the outer electron radiation belt in
response to solar wind stream interfaces: Global positioning system observations. The Royal Society, 466(2123), 3329–3350. https://doi.
org/10.1098/rspa.2010.0078

Neugebauer, M., Reisenfeld, D., & Richardson, I. G. (2016). Comparison of algorithms for determination of solar wind regimes. Journal of
Geophysical Research: Space Physics, 121, 8215–8227. https://doi.org/10.1002/2016JA023142

Newell, P. T., Sotirelis, T., Liou, K., Meng, C. I., & Rich, F. J. (2007). A nearly universal solar wind-magnetosphere coupling function inferred
from 10 magnetospheric state variables. Journal of Geophysical Research, 112, A01206. https://doi.org/10.1029/2006JA012015

Ogilvie, K. W., Chornay, D. J., Fritzenreiter, R. J., Hunsaker, F., Keller, J., Lobell, J., et al. (1995). SWE, a comprehensive plasma instrument
for the wind spacecraft. Space Science Reviews, 71, 55–77. https://doi.org/10.1007/BF00751326

Reisenfeld, D. B., Wiens, R. C., Barraclough, B. L., Steinberg, J. T., Neugebauer, M., Raines, J., & Zurbuchen, T. H. (2013). Solar wind
conditions and composition during the genesis mission as measured by in situ spacecraft. Space Science Reviews, 175, 125–164. https://
doi.org/10.1007/s11214-013-9960-2

Richardson, I. G. (2018). Solar wind stream interaction regions throughout the heliosphere. Living Reviews in Solar Physics, 15, 1. https://
doi.org/10.1007/s41116-017-0011-z

Richardson, I. G., & Cane, H. V. (2010). Near-Earth interplanetary coronal mass ejections during solar cycle 23 (1996–2009): Catalog and
summary of properties. Solar Physics, 264, 189–237. https://doi.org/10.1007/s11207-010-9568-6

Richardson, I. G., & Cane, H. V. (2012a). Solar wind drivers of geomagnetic storms during more than four solar cycles. Journal of Space
Weather and Space Climate, 2, A01. https://doi.org/10.1051/swsc/2012001

Richardson, I. G., & Cane, H. V. (2012b). Near-Earth solar wind flows and related geomagnetic activity during more than four solar cycles
(1963–2011). Journal of Space Weather and Space Climate, 2, A02. https://doi.org/10.1051/swsc/2012003

Richardson, I. G., Cliver, E. W., & Cane, H. V. (2000). Sources of geomagnetic activity over the solar cycle: Relative importance of coronal
mass ejections, high-speed streams, and slow solar wind. Journal of Geophysical Research, 105, 18,203–18,213. https://doi.org/10.1029/
1999JA000400

Richardson, I. G., Cliver, E. W., & Cane, H. V. (2001). Sources of geomagnetic storms for solar minimum and maximum conditions during
1972–2000. Geophysical Research Letters, 28, 2569–2572. https://doi.org/10.1029/2001GL013052

Richardson, I. G., Webb, D. F., Zhang, J., Berdichevsky, D. B., Biesecker, D. A., Kasper, J. C., et al. (2006). Major geomagnetic storms
(Dst < −100 nT) generated by corotating interaction regions. Journal of Geophysical Research, 111, A07S09. https://doi.org/10.1029/
2005JA011476

Richter, A. K., & Luttrell, A. H. (1986). Superposed epoch analysis of corotating interaction regions at 0.3 and 1.0 AU: A comparative study.
Journal of Geophysical Research, 91(A5), 5873–5878. https://doi.org/10.1029/JA091iA05p05873

SILSO World Data Center (1995). The international sunspot number.
Schwenn, R. (1983). Direct correlations between coronal transients and interplanetary disturbances. Space Science Reviews, 34, 85–99.

https://doi.org/10.1007/BF00221199
Sheeley, N., Harvey, J., & Feldman, W. (1976). Coronal holes, solar wind streams, and recurrent geomagnetic disturbances: 1973–1976.

Solar Physics, 49(2), 271–278.
Sheeley, N. R. Jr, Howard, R. A., Michels, D. J., Koomen, M. J., Schwenn, R., Muehlhaeuser, K. H., & Rosenbauer, H. (1985). Coronal mass

ejections and interplanetary shocks. Journal of Geophysical Research, 90, 163–176. https://doi.org/10.1029/JA090iA01p00163
Shugay, Y., Slemzin, V., Rodkin, D., Yermolaev, Y., & Veselovsky, I. (2018). Influence of coronal mass ejections on parameters of high-speed

solar wind: A case study. Journal of Space Weather and Space Climate, 8, A28.

GRANDIN ET AL. 3891

https://doi.org/10.1007/s11207-011-9737-2
https://doi.org/10.1007/s11207-006-0132-3
https://doi.org/10.1002/swe.20045
https://doi.org/10.1002/swe.20045
https://doi.org/10.1029/2011JA017320
https://doi.org/10.1029/2011JA017320
https://doi.org/10.1007/s11214-017-0411-3
https://doi.org/10.1029/2004JA010649
https://doi.org/10.1007/BF00150828
https://doi.org/10.1029/1999JA900051
https://doi.org/10.1029/2001JA000002
https://doi.org/10.1023/A:1005040232597
https://doi.org/10.1023/A:1005040232597
https://doi.org/10.1029/167GM12
https://doi.org/10.1029/167GM12
https://doi.org/10.1029/2010JA016293
https://doi.org/10.1098/rspa.2010.0078
https://doi.org/10.1098/rspa.2010.0078
https://doi.org/10.1002/2016JA023142
https://doi.org/10.1029/2006JA012015
https://doi.org/10.1007/BF00751326
https://doi.org/10.1007/s11214-013-9960-2
https://doi.org/10.1007/s11214-013-9960-2
https://doi.org/10.1007/s41116-017-0011-z
https://doi.org/10.1007/s41116-017-0011-z
https://doi.org/10.1007/s11207-010-9568-6
https://doi.org/10.1051/swsc/2012001
https://doi.org/10.1051/swsc/2012003
https://doi.org/10.1029/1999JA000400
https://doi.org/10.1029/1999JA000400
https://doi.org/10.1029/2001GL013052
https://doi.org/10.1029/2005JA011476
https://doi.org/10.1029/2005JA011476
https://doi.org/10.1029/JA091iA05p05873
https://doi.org/10.1007/BF00221199
https://doi.org/10.1029/JA090iA01p00163


Journal of Geophysical Research: Space Physics 10.1029/2018JA026396

Smith, C. W., L'Heureux, J., Ness, N. F., Acuña, M. H., Burlaga, L. F., & Scheifele, J. (1998). The ACE magnetic fields experiment. Space
Science Reviews, 86, 613–632. https://doi.org/10.1023/A:1005092216668

Smith, E. J., & Wolfe, J. H. (1976). Observations of interaction regions and corotating shocks between one and five AU: Pioneers 10 and 11.
Geophysical Research Letters, 3(3), 137–140. https://doi.org/10.1029/GL003i003p00137

Snyder, C. W., Neugebauer, M., & Rao, U. R. (1963). The solar wind velocity and its correlation with cosmic-ray variations and with solar
and geomagnetic activity. Journal of Geophysical Research, 68, 6361. https://doi.org/10.1029/JZ068i024p06361

Temmer, M., Vršnak, B., & Veronig, A. M. (2007). Periodic appearance of coronal holes and the related variation of solar wind parameters.
Solar Physics, 241, 371–383. https://doi.org/10.1007/s11207-007-0336-1

Tsurutani, B. T., Gonzalez, W. D., Gonzalez, A. L. C., Guarnieri, F. L., Gopalswamy, N., Grande, M., et al. (2006). Corotating solar
wind streams and recurrent geomagnetic activity: A review. Journal of Geophysical Research, 111, A07S01. https://doi.org/10.1029/
2005JA011273

Wanliss, J. A., & Showalter, K. M. (2006). High-resolution global storm index: Dst versus SYM-H. Journal of Geophysical Research, 111,
A02202. https://doi.org/10.1029/2005JA011034

Webb, D. F., Cliver, E. W., Crooker, N. U., Cry, O. C. S., & Thompson, B. J. (2000). Relationship of halo coronal mass ejections, magnetic
clouds, and magnetic storms. Journal of Geophysical Research, 105, 7491–7508. https://doi.org/10.1029/1999JA000275

Wu, C.-C., Liou, K., Plunkett, S., Fry, C. D., & Wu, S.-T. (2013). Investigation of solar/heliospheric anomalies associated with the solar
minimum of 2007–2008. Terrestrial, Atmospheric & Oceanic Sciences, 24(2), 243–252. https://doi.org/10.3319/TAO.2012.10.16.01(SEC)

Xu, F., & Borovsky, J. E. (2015). A new four-plasma categorization scheme for the solar wind. Journal of Geophysical Research: Space Physics,
120, 70–100. https://doi.org/10.1002/2014JA020412

Zhang, J., Richardson, I. G., Webb, D. F., Gopalswamy, N., Huttunen, E., Kasper, J. C., et al. (2007). Solar and interplanetary sources of
major geomagnetic storms (Dst < −100 nT) during 1996–2005. Journal of Geophysical Research, 112, A10102. https://doi.org/10.1029/
2007JA012321

Zhang, Y., Sun, W., Feng, X. S., Deehr, C. S., Fry, C. D., & Dryer, M. (2008). Statistical analysis of corotating interaction regions and their
geoeffectiveness during solar cycle 23. Journal of Geophysical Research, 113, A08106. https://doi.org/10.1029/2008JA013095

Zhao, L., Zurbuchen, T. H., & Fisk, L. A. (2009). Global distribution of the solar wind during solar cycle 23: ACE observations. Geophysical
Research Letters, 36, L14104. https://doi.org/10.1029/2009GL039181

GRANDIN ET AL. 3892

https://doi.org/10.1023/A:1005092216668
https://doi.org/10.1029/GL003i003p00137
https://doi.org/10.1029/JZ068i024p06361
https://doi.org/10.1007/s11207-007-0336-1
https://doi.org/10.1029/2005JA011273
https://doi.org/10.1029/2005JA011273
https://doi.org/10.1029/2005JA011034
https://doi.org/10.1029/1999JA000275
https://doi.org/10.3319/TAO.2012.10.16.01(SEC)
https://doi.org/10.1002/2014JA020412
https://doi.org/10.1029/2007JA012321
https://doi.org/10.1029/2007JA012321
https://doi.org/10.1029/2008JA013095
https://doi.org/10.1029/2009GL039181

	Abstract


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (ECI-RGB.icc)
  /CalCMYKProfile (Photoshop 5 Default CMYK)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.6
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends false
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Preserve
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
    /Courier
    /Courier-Bold
    /Courier-BoldOblique
    /Courier-Oblique
    /Helvetica
    /Helvetica-Bold
    /Helvetica-BoldOblique
    /Helvetica-Oblique
    /Symbol
    /Times-Bold
    /Times-BoldItalic
    /Times-Italic
    /Times-Roman
    /ZapfDingbats
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.00000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.00000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 400
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.00000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects true
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /ENU ()
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /ConvertToRGB
      /DestinationProfileName (sRGB IEC61966-2.1)
      /DestinationProfileSelector /UseName
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements true
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /UseDocumentProfile
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


